Abstract The West Florida Shelf (WFS) is a source of uncertainty for the Gulf of Mexico carbon budget.
1. Introduction
Background
The Gulf of Mexico (GOM) is a large semienclosed subtropical/tropical sea shared almost equally by the United States and Mexico. The drainage basin of the GOM contains 33 major river systems and extends over approximately 40% of the contiguous U.S. landmass. The GOM was identified as the single largest source of uncertainty in the North American carbon budget by the first State of the Carbon Cycle Report (SOCCR; Chavez et al., 2007) . To address this uncertainty, a considerable number of observations have been made in recent years, particularly in the northern and eastern Gulf coastal regions (e.g., Cai, 2003; Chen et al., 2016; Huang et al., 2015; Lohrenz et al., 2018; Robbins et al., 2014; Xue et al., 2016) . However, large areas remain under sampled and poorly characterized in terms of air-sea exchange of carbon dioxide (CO 2 ), associated carbon fluxes and their variability, and controlling mechanisms. The importance of constraining CO 2 fluxes in the GOM is evident in its effect on the modulation and estimation of continental (atmospheric) CO 2 concentrations as the GOM is one entrance route for North America air mass. Large variabilities between marine air concentrations in the GOM and continental air masses can introduce significant errors into continental CO 2 fluxes calculated using atmospheric measurements and inversion methods, particularly at regional scales (Peters et al., 2007; Sweeney et al., 2015) .
Synthesis efforts suggest that the GOM air-sea CO 2 flux may dominate the net flux of the entire North American margin because of the GOM's large size and strong signals (Chavez et al., 2007) . The GOM is one of several large, low-latitude marginal seas in the world's oceans. Water enters the GOM from the Caribbean and exit water becomes part of the larger Gulf Stream system. Northern GOM water is a strong local CO 2 sink due to high primary productivity stimulated by river input of anthropogenically produced nutrients (fertilizers) from the North American continent (Cai, 2003; Chavez et al., 2007; Huang et al., 2015; Lohrenz et al., 2018; Xue et al., 2016) . However, while the northern GOM is distinctive in terms of its large river and estuarine-dominated shelf, to the southeast, the West Florida Shelf (WFS) is also distinctive because of the wide, gently sloping rim-to-ramp carbonate platform (<1:2,000 gradient; Hine et al., 2003) , substantially less fluvial influence, and significant groundwater input (Smith & Swarzenski, 2012) . Previous observational CO 2 flux data suggest an opposite trend on the WFS from the northern GOM: the WFS region acts as a CO 2 source to the atmosphere Xue et al., 2016) ; however, there is a lack of information about trends in its different subregions. Changes in inorganic carbon in the water concomitantly induce changes in the saturation state (Ω), an indicator of ocean acidification. Wanninkhof et al. (2015) showed general aragonite Ω (Ω ar ) trends on the WFS from GOMECC cruises and indicated that additional data were needed to address spatial and temporal variability.
Geographic Setting
Located on the eastern side of the GOM, the WFS is a low bathymetric gradient calcium carbonate platform approximately 250 km wide, with an area of 170,000 km 2 (Read, 1985 ; Figure 1 ). The WFS spans a large latitudinal gradient, from the Florida Panhandle (~30°N) in the north to the Florida Keys (~24°N) in the south. The coastal WFS is characterized by coastal marshes and limestone outcrops in the north, siliciclastic barrier islands in the central region, and mangrove islands and carbonate sediments in the south (Robbins et al., 2009 ).
The current status of the variability of air-sea CO 2 fluxes on the WFS is not fully known and represents a significant knowledge gap that is critical to our understanding of the carbon cycle and budget in the GOM and over the North America continent, and also how this shelf is responding to climate and anthropogenic changes. In addition, the investigation of the impacts of changing seawater chemistry on habitats in Florida's coastal waters is important to available resources, particularly marine organisms that will be affected by increasing ocean acidification.
In this study, we compiled seawater data from 97 cruises over the last 20 years to determine the spatial and temporal distributions of seawater partial pressure of carbon dioxide (pCO 2 ) over the WFS and defined subregions. We then quantified the air-sea CO 2 fluxes and identified physical and biogeochemical processes that can control these fluxes. Comparisons of pCO 2 values and fluxes between different subregions and by season were investigated, as well as put in relation with other estimates in the GOM. Finally, WFS Ω ar data were calculated to provide a synoptic evaluation of regional and subregional spatial and seasonal trends. This study provides new information on specifics of pCO 2 distribution and fluxes over the WFS and a conceptual model to illustrate the mechanisms that likely control surface water CO 2 dynamics.
Methods

Database Compilation
The partial pressure of carbon dioxide (pCO 2 ) data from cruises in the GOM were compiled as part of a large synthesis effort related to the NASA ROSES "Air-Sea CO 2 Flux and Carbon Budget Synthesis and Modeling in the Entire Gulf of Mexico" project. Data were collected from individual cruises and were submitted to publicly available data sets and repositories such as NCEI and SOCAT (Bakker et al., 2017) . We analyzed a subset of the data, centered on the WFS, which included 97 WFS research cruises spanning over 20 years (1996, 1997, 2003, (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) and containing more than 134,000 data points (Table 1) . Links to each of the cruise's metadata are found in the supporting information (Table S1 ). All data had been QA/QC'd prior to being submitted to the repositories and questionable data flagged. Any flagged data and additional records with abnormally high pCO 2 (e.g., >10,000 μatm) or temperature and salinity values out of appropriate ranges, suggesting equipment failure, were not used. These constituted less than 1% of the data.
Air-Sea Flux Calculations
The air-sea CO 2 flux for the WFS was calculated using a computed second moment of monthly CrossCalibrated Multiplatform (CCMP) wind speeds (Atlas et al., 2011) , thereby taking advantage of the highresolution winds to appropriately address nonlinearities. The following bulk flux equation (Wanninkhof, 2014) was used to derive air-sea CO 2 fluxes:
where k is the gas transfer velocity, s is the gas solubility (mol L À1 atm
À1
; Weiss, 1974) , and ΔpCO 2 is the difference between the air and water pCO 2 values at the respective sites. An F > 0 represents emissions of seawater pCO 2 to the air. To determine k at in situ conditions, we used the following:
where Sc CO2 for CO 2 in seawater is related to temperature by
and k 660 is the gas transfer velocity for a gas, parameterized as k 660 = 0.251 × <u 2 > (Wanninkhof, 2014) , where <u 2 > is the raw second moment of CCMP wind speeds (Atlas et al., 2011) .
Atmospheric pCO 2 was obtained from NOAA Earth System Research Laboratory Globalview-CO 2 (Dlugokencky et al., 2016) for Key Biscayne, FL. The second moment of the winds was obtained from scalar winds from the Cross-Calibrated Multi-Platform (CCMP) wind product at 6-hourly intervals on a 0.5°by 0.5°g rid (http://www.remss.com/measurements/ccmp). (Troupin et al., 2012) as applied in Ocean Data View (Schlitzer, 2017) .
Saturation State Model Using SABGOM
Out of the 97 cruises analyzed, less than 10% measured an additional inorganic carbon parameter besides pCO 2 . Therefore, it was challenging to calculate and subsequently evaluate the Ω ar of the WFS without two parameters for calculation. Using data from the few cruises for which alkalinity had been collected, we modeled the total alkalinity (mTA) on the WFS using the SABGOM model, which is a physical-biogeochemical coupled model, covering the South Atlantic Bight and the entire GOM domain. The physical model adopted for SABGOM is the Regional Ocean Modeling System (ROMS). It has a horizontal grid at 5-km resolution and 36 terrain-fellow vertical layers. A biogeochemical model, described in Fennel et al. (2006 Fennel et al. ( , 2008 , was coupled with the physical (ocean circulation) model. The biogeochemical model consists of a nitrogen cycling model and a carbon cycling model. Both physical and biogeochemical models in SABGOM were well validated by comparing surface elevation, SST, salinity, nitrate, chlorophyll, and pCO 2 with observations (Xue et al., 2013 (Xue et al., , 2016 . With SABGOM, a seven-year (2004) (2005) (2006) (2007) (2008) (2009) (2010) hindcast simulation was applied. The mTA (47,256 data points) was interpolated to nearby stations in this study. mTA and the corresponding measured pCO 2 value at that location were then used to calculate Ω ar using CO2calc v.4.0.9 with the carbonic acid dissociation constants K1 and K2 from Millero (2010) , the dissociation constant for HSO 4 from Dickson (1990) , and the borate-salinity relationship of Lee et al. (2010) .
Statistical Analysis
The pCO 2 and CO 2 flux data were statistically analyzed to determine trends between geographic subregions and seasons. Given the scarcity of data on certain seasons/years and the uneven geographical distribution of the data points, these trends will need to be confirmed or updated with additional data as it continues to be collected. The large latitudinal and longitudinal temperature and salinity gradients on the WFS indicated that the shelf could be subdivided into at least four general subregions. Temperature and salinity data distribution from the four subregions did not follow normal distributions and the nonnormal distributions were not similar; therefore, the Mood median test was applied across the different subregions to statistically verify their distinction. The 40-m isobath was used to delineate the WFS into northern, offshore 40-200 m (ND); northern, nearshore <40 m (NS); southern, offshore 40-200 m (SD); and southern, nearshore <40 m (SS) subregions ( Figure 1 ). The northern subregion was demarcated from the southern at 27.5°N latitude. Correlation coefficients were calculated to evaluate possible relationships between pCO 2 and temperature. The significance of a relationship was evaluated at α = 0.05. Linear regressions were used to assess temporal trends for pCO 2 and CO 2 flux. Mean, standard deviation, and mean CO 2 flux rates were calculated for the seasonally aggregated data points. A seasonally weighted flux for the WFS was converted into mol·m
. All statistical analyses were performed with Minitab (v.17.1; State College, PA).
Complementary Data: Discrete Sampling of Carbonate Parameters
Carbonate chemical parameters analyzed from discrete water samples collected during a variety of cruises were used for verification of pCO 2 and air-sea CO 2 flux trends, as well as for calculation of aragonite saturation state (Ω ar ). Water chemistry data collected during studies of offshore freshwater springs along the WFS were used to investigate pCO 2 and CO 2 flux in this study. These springs data were collected at Crystal Beach Spring in Saint Joseph Sound north of Clearwater, FL (28.0843°N, À82.7847°W) at the vent (8.85 m below surface seawater) and surface (0.5 m) on 23 June 2009. Temperature and salinity were recorded using a YSI 3200 conductivity instrument. Wind speed at the time of collection was 1.3 m/s (Clearwater Met station for 23 June 2009). Borosilicate glass bottles (300 ML, Wheaton Industries, Inc., USA) were used to collect seawater to analyze for dissolved inorganic carbon (DIC) and total alkalinity (TA). These were poisoned with HgCl 2 . The DIC and TA analyses were performed at the USGS Carbon Laboratory, St. Petersburg, FL, using an Ocean Optics USB 2000 spectrophotometer and an UIC Model CM5014 CO 2 coulometer with Model
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Journal of Geophysical Research: Oceans CM5130 Acidification Module. Analytical methods were derived from Byrne (1998), DOE (1994) , and Dickson et al. (2007) and used certified reference materials from A. Dickson (Scripps Institution of Oceanography). The precision of DIC and TA was determined to be ±0.1%. pCO 2 was calculated from DIC and TA using CO 2 calc v.4.0.9 using previously described constants. Table 1 lists a summary of the number of cruises, data points, months, and years of data. Yearly means for pCO 2 and CO 2 flux ± one standard deviation for years 1996-2016 were calculated for the entire WFS (Table 2 ). These data demonstrate the level of interannual variability in pCO 2 values and that overall the WFS has been a small net source of CO 2 to the atmosphere since 2010. Mean values for the entire WFS are 399.5 μatm and 0.32 mol·m À2 ·yr À1 for pCO 2 and CO 2 flux, respectively.
Results
Geographic and Seasonal Distribution of pCO 2 and CO 2 Flux
Mean values of pCO 2 and CO 2 flux for subregions show that northern subregions (ND and NS) have values that are lower than those observed in the south (SD and SS; Table 3 ). Seasonal pCO 2 ( Figure 2 ) and CO 2 flux (Figure 3 ) for geographic subregions show general decreasing values from nearshore to offshore and distinct seasonal differences (Table 4) .
Winter and spring mean CO 2 flux values in the nearshore shallow northern WFS surface water are negative (À0.66 and À0.65 mol·m The pCO 2 data are significantly and more strongly correlated with temperature in northern offshore and nearshore surface waters (r = 0.680 (ND), r = 0.671 (NS)) than in southern offshore and nearshore surface waters (r = 0.14 (SS), r = 0.349 (SD)).
Yearly Trends
Seawater pCO 2 values show a general increase of 4.37 μatm/year (r 2 = 0.65, p < 0.001), while the atmospheric pCO 2 is increasing at 1.7 μatm/year (r 2 = 0.90, p ≤ 0.001; Figure 4a ). The linear trend of surface seawater pCO 2 from each geographic subregion is significantly different from the others. Concomitantly, mean CO 2 flux has been increasing about 0.054 mol·m À2 ·yr À1 (r 2 = 0.43, p < 0.001) for the entire WFS since 1995 (Figure 5a ).
Each subregion also shows statistically important yearly increases except for SS (0.028 mol·m A comparison of yearly pCO 2 data from each subregion for the month of April showed an increase from earlier cruise years to later years (Table 5) . April data were chosen because they represented the largest span of Journal of Geophysical Research: Oceans early and later years and contained cruises from all the subregions. In 1996, mean pCO 2 of ND surface water was 309.8 μatm, while in 2013, it was 358.0 μatm. CO 2 flux to the atmosphere increased during these years (seawater became less of a sink of CO 2 ), with seawater pCO 2 increasing at a greater rate than atmospheric pCO 2 . These trends generally were observed in all geographic subregions. However, SD had more years of data collected (total of nine) than the rest of the geographic subregions and showed more variability of pCO 2 from year to year.
Saturation State
Aragonite saturation state on the WFS varies by location and by season. (Table 6 ). 
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Journal of Geophysical Research: Oceans The compilation of more than two decades of pCO 2 data collected from waters over the WFS provides a basis to observe general trends, evaluate processes that control carbon fluxes, and further investigation into potential ocean acidification impacts on this wide continental shelf and coastal area. The temperature gradients from north to south, coastal to offshore, and seasonally are broad-scale drivers in the variability of pCO 2 and carbon emissions over the year. The stronger correlations of pCO 2 to temperature in the northern subregions versus the southern subregions are likely consequences of more dramatic seasonal temperature swings in the north compared to the south. However, in the offshore southern subregions, pCO 2 is more strongly controlled by temperature than in nearshore waters, where increased photosynthesis followed by respiration, as a result of terrestrial inputs of nutrients, is well documented (Bergamaschi et al., 2012; Bianchi et al., 2010; Turner et al., 2006) . Additionally, processes such as Gulf Stream loop current (Wanninkhof et al., 2015) , river input, localized plankton blooms, enhanced primary productivity, and nearshore submarine groundwater discharge (Smith & Robbins, 2012) and river runoff (Ho et al., 2017) can play a significantly larger role in influencing pCO 2 values.
Our findings confirm earlier studies that indicate that the WFS has small CO 2 fluxes on the shelf, with the surface water overall acting as either a weak source or sink of carbon for most of the year Xue et al., 2016) . In contrast to the northern deeper water subregion which generally acts as a weak sink of CO 2 , similar to its northern neighbor the north Gulf of Mexico , the other subregions act as weak sources, depending on season. Surface pCO 2 on the WFS is variable both spatially and seasonally but overall, the shelf is nearly in equilibrium with the atmosphere for most of the year. Areas of relatively larger positive and negative fluxes are found in specific areas that coincide with nearshore freshwater springs, upwelling localities, mouths of estuaries, and Everglades riverine runoff (Ho et al., 2017) . Ephemeral plankton blooms and other physio-biological processes, such as photosynthesis, respiration, and remineralization, also cause enhanced fluxes (Cai, 2011) . While north to south and west to east increasing CO 2 flux trends on the shelf partially reflect increasing temperatures, this influence breaks down in SS, the shallowest and most southern subregion, where the correlation between temperature and flux, although significant, is not strong.
Clearly, more data are needed to fully understand what controls the trends in each of the subregions. For example, terrestrial and atmospheric anthropogenic processes (e.g., increased nutrient loadings, proximity to urbanization, CO 2 release from vehicles, and power plant emissions) and the consequences of these are influencing much of the coastal and estuarine ecosystems. Adding to the complexity of the general coastal influences is the outflow of major and minor estuaries along the WFS. Not surprisingly, Tampa Bay shows significantly different pCO 2 and CO 2 flux signals compared to adjacent shelf areas, particularly in the fall (Figures 2d and 3d) . Importantly, estuaries along the west coast of Florida, including Tampa Bay, and other smaller estuaries along the coast, such as St. Josephs, Citrus County, Cedar Key, and Ten Thousand Islands, all demonstrated significant pH and oxygen decreases over the last 30 years, which affect the nearshore chemistry (Robbins & Lisle, 2017) . In addition to submarine groundwater discharge and nearshore and freshwater seeps, plankton blooms and benthic vegetation, storms and upwelling events, and CaCO 3 precipitation in the nearshore also are driving processes that can modulate the CO 2 flux values. 
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Terrestrial inputs of carbon onto the WFS include discharges from local rivers and submarine springs. Eight rivers and associated estuaries, as well as coastal and offshore groundwater seeps (Barrera & Robbins, 2017; Santos et al., 2008; Smith & Robbins, 2012) , influence the WFS carbon budget. However, the influence of nearshore waters mixing with river discharge on carbon is relatively minimal compared to that in the Mississippi River region; instead, the carbon budget is driven by microbial processes (Wang et al., 2013) . In addition to the Mississippi River, the two major rivers affecting the northern WFS are the Suwannee and Apalachicola Rivers. On the southern part of the WFS, only small rivers drain low-relief basins (Boning, 2007) including the Everglades National Park which has several smaller outflows discharging significant amounts of inorganic carbon onto the shelf (Bergamaschi et al., 2014 , Ho et al., 2017 .
Submarine groundwater discharges (SGD) associated with nearshore and offshore sink holes and nonpoint source discharges locally influence pCO 2 , CO 2 flux, and saturation state. Visually, the influence of the springs on the coast during the summer and winter is apparent in remotely sensed temperature images, where relatively warmer fresh spring waters can be observed in the winter surrounded by cooler marine waters (Raabe et al., 2011) . Geochemically, the discharges of nearshore springs impact local geochemistry of the seawater as seen at two coastal sites associated with Homosassa springs in 2008, which showed CO 2 fluxes of over 819 kg C/year (68250 mol/year) and pCO 2 values of up to 1,814 μatm (Barrera & Robbins, 2017) . Cruises during August 2008 and February 2009 in this area recorded values of relatively increased pCO 2 and lower salinities compared to surrounding waters. Another example of a nearshore coastal spring that is influencing nearshore geochemistry is Crystal Beach Spring, which is one of the largest springs on the WFS that discharge significant volumes of relatively fresh groundwater (Table 6 ). Smith and Swarzenski (2012) calculated SGD rates conservatively to be between 0.7 and 3.5 cm/day. In areas associated with spring and submarine groundwater, these discharges are associated with higher pCO 2 and lower Ω ar . For example, in NS, the lowest Ω ar values are located near the Florida Springs Coast, and higher Ω ar values are located near the Florida Panhandle and other northern areas.
In the SS subregion (southern WFS < 40 m), pCO 2 values are generally the highest compared to the other subregions. While temperature is one of the controlling factors, it only accounts for 14% of the association. Other factors such as nearshore springs mixing with shallow waters, water outflow from Everglades National Park (Ho et al., 2017) onto the WFS, and general calcification of organisms and sediments on the WFS, likely influence pCO 2 values. Geothermal springs are also present in the southern nearshore WFS, in contrast to the north where more surface expression of the Floridan aquifer system-fed springs are observed. Nearshore geothermal springs discharge in the SS subregion were reported to have pH values lower than the surrounding gulf waters (~7.36 versus 8.25 at 25°C; Fanning et al., 1981) . Acidification of this spring water has been attributed to oxidation of organic matter and precipitation of minerals (Fanning et al., 1981; Schijf & Byrne, 2007) . Particulate inorganic carbon in the form of calcium carbonate is more prevalent in the southern GOM, where generally clear, oligotrophic, warm water promotes the development of chlorozoan (calcareous green algae, corals, and mollusks) formed sediments (Hallock et al., 2010; Wilson, 1975) . The larger pCO 2 values in SS versus the NS may in part reflect the increases in the biomass of calcium carbonate organisms, diagenetic sediment processes, and other carbonate precipitation processes. For example, a general trend of very high pCO 2 values was observed between 25.272°N and 25.939°N which is also an area recognized by localized calcium carbonate precipitation events associated with diatom blooms (Long et al., 2017) . Remote sensing showed enhanced reflectance and backscattering in these features (Long et al., 2014, 
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Journal of Geophysical Research: Oceans 2017), and the bloom cell concentrations were nearly 5 times higher inside than outside the waters that have high levels of suspended, fine-grained calcium carbonate. MODIS data over a nearshore SS location during a ten-year time span showed a seasonal signal for these events (Long et al., 2017) .
Seasonal and Geographic Trends
These data demonstrate significant spatial and seasonal variations in surface water pCO 2 , carbon flux, and Ω ar distributions in waters of the WFS. An increasing latitudinal gradient of pCO 2 from north to south demonstrates that northern sites have lower pCO 2 and lower CO 2 efflux than the more southern sites. Further, pCO 2 and CO 2 flux values show a decreasing coastal to offshore gradient. Seasonality of pCO 2 is observed in mean values, which are comparable to those modeled by others (Chen et al., 2016; Xue et al., 2016 The overall mean trend indicates that the WFS currently fluctuates between being a weak sink and weak source of carbon during the year in ND, NS, and SD. Generally, the WFS is a weak source of CO 2 , although it becomes a sink in the spring and winter. The exception to this is the SS, which remains a source of CO 2 all year round and is approximately an order of magnitude higher than in subregions ND, NS, and SD. Calculated CO 2 fluxes corrected for the area for each of the subregions (Table 7) show that overall, the combined flux over the WFS is 9.23 Tg/year and subregion values increase from north to south. Geographically, the ND is a sink of carbon at À1.9 Tg/year in comparison to the other subregions, such as NS, which is a source of carbon at 8.7 Tg/year.
Long-Term Trends
Seawater pCO 2 values have been steadily increasing from 1996 to 2016, a trend particularly noticeable in the nearshore zone despite temporal and geographical gaps. As a result, the WFS has been a weak source of carbon to the atmosphere (except for the northern 40-200-m subregion), becoming larger over time. These increases not only reflect increasing atmospheric pCO 2 but also reflect additional nearshore processes that are concomitantly occurring faster than global CO 2 increases. The largest change in flux is occurring in the (Table 2) . Given the small subset of data prior to 2006 (4,425 data points in total, or 3.3% of the complete data set), the initial negative mean values may or may not have been representative of the full decade. However, for the fluxes calculated from 2006 onward, while the fluxes are small, the positive trend is statistically significant. Whereas at present we do not have a full explanation why pCO 2 on the WFS, and particularly in nearshore waters, is increasing faster than the atmospheric CO 2 rate of increase, this trend is similar to the trend recently estimated for the South Atlantic Bight (Reimer et al., 2017 ; Table 8 ). Such trends may reflect an increase in eutrophication and the terrestrial export of CO 2 and dissolved organic carbon (DOC) into the nearshore (Borges & Gypens, 2010; Jiang et al., 2008) . Possible reasons for this export on the WFS may be due to increased land use and land cover changes in the drainage basins and sea level rise mobilizing CO 2 and DOC out of the extensive coastal wetland areas, such as the Florida Everglades. Elsewhere on a global scale, sea surface pCO 2 increase rates in many coastal margins are slower than atmosphere increases (see Laruelle et al., 2018) .
In the northern hemisphere, and in coastal areas close to the WFS, sea surface pCO 2 increase rates show a wide range of values (Table 8) , as would be expected from the wide variety of physical and chemical settings that investigators have studied, including geographic settings, water masses, chemistry, and temperatures. Furthermore, these studies utilized different time frames in their calculations, from 2 years (Jiang et al., 2008) to 35 years (Laruelle et al., 2018; Wang et al., 2017) . And, such as in the research we present, while data may span several decades, there are significant gaps in years when no data were collected. Despite the range of values, similar patterns are observed in the inner and outer shelf of the South Atlantic Bight (Jiang et al., 2008 ; Table 8 ) and the nearshore and offshore WFS; both show negative and positive fluxes for these subregional areas, respectively. In the northern Gulf of Mexico, CO 2 flux is small but negative, similar to the northern WFS ; Table 8 ). CO 2 flux rates for eastern and southern regions of the Gulf of Mexico are the subject of ongoing investigations.
Finally, in spite of the seemingly large data set, there remains a paucity of data within most subregions spatially and seasonally. For example, there are only 336 points representing the outer northern shelf for winter over the 20-year time span. Therefore, along with the natural variability that one would expect to see, the wide variations of values in pCO 2 are reflected in high standard deviations. f Subregion delineated at 27.5°N as described in section 2.
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Summary
Regional monitoring and collecting of carbonate parameters are needed to improve our understanding of ocean processes that impact pCO 2 distributions and fluxes and to promote the development of predictive models of ocean acidification in coastal ecosystems. Here we provide a data synthesis for the WFS that shows significant differences in surface patterns of pCO 2 , CO 2 flux, and carbonate saturation state in the context of geographic, seasonal, and interannual variabilities. These data demonstrate that anthropogenic processes are superimposed on natural cycles of CO 2 , which have been shifting the ocean chemistry over time. Lack of consistently collected data made interpolations of the data and prediction of future saturation state challenging. Nevertheless, clear incremental increases in atmospheric CO 2 are linked to concomitant increases in pCO 2 . The rate of increase, however, is greater than atmospheric increases leading to an increase in CO 2 efflux in the GOM. There are significant subregional and seasonal variations in surface water pCO 2 , CO 2 flux, and carbonate saturation state distributions on the WFS. The patterns have provided the basis to identify processes linked to measurable latitudinal, inner to outer shelf, and seasonal changes in coastal and ocean carbon chemistry (pCO 2 , CO 2 sea-air flux) and to derive carbonate saturation state maps of Florida shelf waters. Future cruises that target data gaps and uncertainties for pCO 2 and carbonate saturation state are needed for the WFS, where significant declines in carbonate-dominated ecosystems, fishery habitats, and calcifying organisms are predicted for this century. Data are needed to provide fundamental understanding of the coastal carbon cycle and to reveal the processes behind the observations that show that shelf water pCO 2 has increased at a rate faster than the atmospheric rate in the past 20 years.
